ABSTRACT
INTRODUCTION
Increasingly, industry is turning to statistical reliability analysis for equipment and products. In electricity industry, such statistical reliability analysis is useful in planning and budgeting for maintenance, predicting costs associated with electricity service, and making decisions about maintenance of particular electric network equipment. In addition, some utilities have turned to statistical reliability analysis for assessing the service life of electric network equipment. Traditional statistical reliability analysis relies on failure data for a population of devices. If a complete data set is available (i.e., failure ages are known for each device within the population), statistical reliability analysis can provide predictions, such as mean-time-to-failure for a particular device, percentages of devices that will fail at a particular time or before a particular age, a statistical distribution of failure ages, and other statistical measures of device failures. However, a typical population includes devices that have not yet failed, termed "suspensions". In reliability analysis, such populations are often denoted as "right censored populations" [1] The two-parameter Weibull (scale and shape parameters) is one of the most popular distributions for analyzing any lifetime data. Weibull distribution was originally proposed by Weibull in 1939 [2] , a Swedish physicist, and he used it to represent the distribution of the breaking strength of materials. In recent years, the Weibull distribution is becoming very popular to analyze lifetime data mainly because in presence of censoring it is much easier to handle, at least numerically, compared to other distributions, such as a gamma distribution. In reference [3] , it is presented two methods to estimate the mean life and its standard deviation of a power system equipment group with limited end-of-life or aging failure data. One is for the normal distribution model and the other is for the Weibull distribution model. An equipment group containing 100 reactors with only four died (retired) units was used as an application example to illustrate the methods. This paper presents a new distribution, named generalized exponential distribution, as an alternative to Weibull distribution to evaluate the mean life and standard deviation of power system equipment with limited end-of-life failure data. The generalized exponential (GE) distribution was introduced by Gupta and Kundu in 1999 [4] , and it has been proposed in the literature as an option to analyze lifetime data in place of gamma, Weibull and log-normal distributions. To demonstrate the application of the GE distribution, the same reactors group reported in [3] was used, and it was also applied to a group of distribution transformers of a Mexican electricity company.
THE METHOD
One of the goals in statistical analysis of set of data is to determine the general laws and principles that govern the behaviour of the data under investigation [5] . As these laws and principles are not directly observable, they are formulated in terms of hypotheses. In mathematical modelling, such hypotheses are stated in terms of parametric families of probability distributions called models. The goal of modelling is to deduce the form of the behaviour of the data under investigation by testing the viability of such models. Once a model is specified with its parameters, and data have been collected, one is in a position to evaluate its goodness of fit, that is, how well it fits the observed data. Goodness of fit is assessed by finding parameter values of a model that best fits the data-a procedure called parameter estimation. relatively long life up to and even beyond 40 years and therefore generally there are very limited end-of-life failure data in a utility. Statistically, modelling those data can provide predictions, such as mean-time-to-failure for a particular device, percentages of devices that will fail at a particular time or before a particular age, a statistical distribution of failure ages, and other statistical measures of device failures. However, a typical population includes devices that have not yet failed, termed "suspensions". In reliability analysis, such populations are often denoted as "right censored populations" [1] . The sample mean or the average age method is acceptable if it is used in a case where there is a big population. However, generally there are very limited end-of-life failure data in a utility. In addition, the sample mean only uses information of died (retired) components. For an equipment group with very few died members, not only died but also surviving components make contributions to the mean life.
In this paper, we propose the generalized exponential distribution (GE) [4] as the model to describe the behaviour of end-of-life failure data of power system equipment, and determine the mean life of the equipment. The GE distribution has the form:
The density function of the GE distribution, the survival function, and the hazard function are the following: Here α is the shape parameter and λ is the scale parameter. In this research, the parameters α and λ have been estimated by using the LSE estimation method. For this purpose, the sum of squares errors L(α,λ) is obtained from (1) and (5), and denoted in (6).
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Where N is the number of ages at which component have been retired, t k is the age of retired components, and k ε is the error for each pair of t k and F k .
The age of a component is calculated as follows: For a retired component, its age is the difference between the retired year and the in-service year. For a surviving component, its age is the difference between the current year and the in-service year. The cumulative distribution function is calculated as follows:
Where n k denotes the number of components in the group over the age of (t k -1), and d k denotes the number of components in the group that have been retired at the age of t k . The best estimates of α and λ is obtained when L(α,λ) is reached its minimum. In this research, it has been used the gradient descent technique to minimize (6).
APPLICATION EXAMPLES
To demonstrate the application of the GE distribution, the same reactors group reported in [3] was used, and it was also applied to a group of distribution transformers of a Mexican electricity company.
A 500-kV reactor group at BC Hydro
The 500 kV reactor group at BC Hydro reported in [3] was used as an example to demonstrate the applicability of the proposed method. This group contains 100 single-phase reactors with only four end-of-life failures in the past 31 years. The reference year used in the study is Year 2000. Table 1 shows the estimates of the mean life obtained by using the method based on the GE distribution and the methods based on the normal and Weibull distribution models. The sample mean method was also applied. The distribution density functions for the values in Table 1 are shown in Fig. 1 Table  1 .
A 13.8 kV distribution transformer group
In this case, a 13.8 kV distribution transformer group at a Mexican utility was used as an example to demonstrate the applicability of the proposed method. This group also contains 100 distribution transformers with only 16 end-oflife failures in the past 33 years. The reference year used in the study is Year 2008. Table 2 shows the raw data for this case. Table 3 shows data used in the parameters estimation for the GE distribution. Table 4 shows the estimates of the mean life obtained by using the method based on the GE distribution and the methods based on the normal and Weibull distribution models. The sample mean method was also applied. The distribution density functions for the values in Table 4 are shown in Fig. 2 Table  4 .
CONCLUSIONS
In this paper, a generalized exponential distribution is applied to estimate the mean life and standard deviation of power system equipment with limited end-of-life failure data. This method provides more accurate estimations; meanwhile the conventional sample mean technique cannot create a good estimate in this case because it uses the information of ages of only died components. Two equipment groups were used as application examples.
The results of estimation of the mean life using the Weibull and GE distributions for the case of the 500-kV reactor group are very close; whereas the mean life calculated with the use of the normal distribution is approximately ten years less. The possible reason of this is that the normal distribution is not quite appropriate for estimating the mean life of equipments because it supposes the existence of nonzero probabilities of the negative life-times. In addition, in this case, the number of end-of-life failure data is very small. The Weibull and the GE distributions are deprived of this shortcoming. Evidently a better estimation of the statistical moments depends not only on the method of calculation of the distribution parameters but also on the form of the distribution, i. e., the chosen distribution should correspond to the phenomena that occur in the statistical system. In this sense the Weibull and GE distributions are appropriate for this type of analysis. The mean life and the standard deviation estimation have another very important aspect. The distribution parameters for the Weibull and GE distributions are obtained by means of minimization of the corresponding nonlinear function (6). The minimization of the nonlinear function (6) leads to the necessity of solving a system of equations. These nonlinear equations can have multiple solutions. Nevertheless, the nonlinearity does not only lead to multiple solutions, but also to different kinds of instabilities with respect to calculated parameters, i. e., a small error in calculating of the distribution parameters can lead to large errors of calculation of the statistical moments. This is why the results of the reference [3] have been recalculated with more accuracy. As a result, the mean life and the standard deviation in the case of Weibull distribution for four retired components have been obtained very different to the results of the reference [3] . The minimum of the function obtained in this reference is investigated with very high precision. It is shown that the parameters calculated in the reference [3] , are faraway from the real minimum of function. Therefore, a criterion of precision for calculating distribution parameters is required. In the case of the 13.8kV distribution transformer group, the number of died devices is bigger than the first case study. This is the reason why the results of estimation of the mean life using the normal, Weibull and GE distributions are closer than the results of the first case.
